ABSTRACT: Wave height variability along the Pacific and Okhotsk Sea coasts of northern Japan in June-August is investigated using in situ measurements and reanalysis data. The coastal wave height is dominated by the persistent easterly winds induced by the developed Okhotsk high. These winds, which can induce cool summers in northern Japan, favor wave development toward the coast of northern Japan. The wave variability is enhanced along the coast of northern Tohoku by the strong local winds occurring in the lee of Cape Erimo. The results for variability of wave height along the Pacific and Okhotsk Sea coasts of northern Japan are supported by composite analysis of reanalysis wave data. When the Okhotsk high develops and the resulting easterly winds are dominant, the wave height increases near the coast of and to the east of northern Japan. Wave height also increases in the Japan Sea and along the southern coast of Japan, whereas wave height decreases in the Okhotsk Sea. These wave height variations reflect the distinct wind fields associated with the developed Okhotsk high. Trends in wave height are examined using the in situ measurements available for over 20 yr. Only the decreasing trends in the south of northern Japan in August are statistically significant. 
INTRODUCTION
The relationships between large-scale atmospheric patterns and regional ocean wave climate are key elements for understanding the present wave climate and for assessing future changes in wave climate (e.g. WASA group 1998). The relation between the North Atlantic Oscillation and wave height variability in the North Atlantic and the Mediterranean Sea is under active investigation (e.g. WASA group 1998, Woolf et al. 2002 , Lionello & Sanna 2005 , Charles et al. 2012 , Fan et al. 2012 ). In the North Pacific, the Pacific−North America pattern and the West Pacific pattern affect the wave climate in winter (e.g. Wang & Swail 2001 , Shimura et al. 2013 . Relations between other atmospheric patterns and wave climate have also been discussed (Fan et al. 2012 , Shimura et al. 2013 , Stopa et al. 2013 . These relations provide the basis for evaluating projections of future changes in wave climate (e.g. Caires et al. 2006 , Mori et al. 2010 , Hemer et al. 2013 .
In the western North Pacific and the Okhotsk Sea, summertime wave climate is generally influenced by the prevailing East Asian monsoon (e.g. Young 1999; Fig. 1 ), and southerly winds and northward waves dominate. However, a high-pressure system over the Okhotsk Sea (the Okhotsk high) develops intermittently and induces cool easterly winds blowing toward northern Japan (Figs. 1 & 2) during the summer months (June to August) (e.g. Ninomiya & Mizuno 1985 , Shimada et al. 2014 ). This cool easterly wind, known as the Yamase in Japan, can persist for more than several days with a stagnant Okhotsk high. Meanwhile, the strength and persistence of the easterly winds show large interannual variation in accordance with the activity of the Okhotsk high (e.g. Tachibana et al. 2004) , and such persistent easterly winds have caused record cool summers (e.g. Ninomiya & Mizuno 1985) . The persistent easterly winds induced by the developed Okhotsk high create conditions of large fetch and extended duration, favoring the development of waves toward the eastern coast of northern Japan, and thus the variability of the easterly winds should affect summertime wave variability along the Pacific and Okhotsk Sea coasts of northern Japan. In addition, strong local winds frequently develop owing to the effects of coastal topography on the low-level cool airflow induced by the developed Okhotsk high and influence wave development near the coast of northern Japan (Shimada & Kawamura 2007) . The strong local winds underlie the regional differences in wave variability.
Little attention has been given to the impact of the easterly winds induced by the Okhotsk high on wave variability along the Pacific and Okhotsk Sea coasts of northern Japan. This is probably because average wave heights are at a minimum in summer along these coasts (Fig. 3) . The seasonal variation of significant wave height (SWH) in Fig. 3 is representative of conditions in the region. Bimodal peaks of SWH reflect the frequent development of extratropical cyclones off the Pacific coast of northern Japan in spring (March to April) and fall (September to October) and the passage of tropical cyclones over the western North Pacific in fall. In winter (November to February), mean SWHs (~1.2 m) are not as high as in spring and fall, because the fetch is reduced by the prevailing northwesterly East Asian winter monsoon. At the same time, the 90th percentile SWH in winter is high, up to 2.4 m, due to the passage of extratropical cyclones with subsequent outbreaks of the winter monsoon. Wave variability in spring, fall, and winter has been analyzed (e.g. Arakawa & Suda 1953 , Shimada & Kawamura 2004 ), but few studies have documented summertime wave variability attributable to the interannual variability of the Okhotsk high and to the strong local winds near the coast. Therefore, this study investigates summertime wave variability along the Pacific and Okhotsk Sea coasts of northern Japan to show (1) the relation of this wave variability to the atmospheric field associated with cool summers and (2) its regional differences, using in situ measurements of wave and wave reanalysis data. The data and methods are described in the following section. Section 3 presents the variability in SWH and Section 4 discusses the results. Section 5 contains the conclusions.
DATA AND METHODS
This study used in situ measurements of ocean surface waves at 26 observation sites along the Pacific and Okhotsk Sea coasts of northern Japan in June-August (Fig. 2, Table 1 ). The Japan Meteorological Agency (JMA) operated ultrasonic wave gauges at observation sites 47590 and 47418 to conduct hourly wave measurements. For the measurements at observation site 47590, the 3-hourly data acquired before 14 March 1992 were linearly interpolated into hourly data. The other 24 observation sites belong to the Japanese coastal wave observation and analysis system, the Nationwide Ocean Wave Information Network for Ports and Harbours (NOWPHAS), which has been in operation since the Table 1 . Surface-pressure data at 4 weather observation stations operated by the JMA (Fig. 2) were used to define the climate indices described below. Surface wind data at the JMA station located at Cape Erimo at an elevation of 63 m (Fig. 2) were also used. SWH and mean wave direction in June-August for 1979-2010 were obtained from 6-hourly products of the European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis Interim (ERAInterim; Dee et al. 2011) .
To represent the variability of the atmospheric pattern associated with the developed Okhotsk high and of the resulting persistent easterly winds (or the Yamase), this study used 2 Yamase indices (the Tsugaru Strait index and the Soya Strait index; Shimada et al. 2014) .
(1) The Tsugaru Strait index is defined by the sealevel pressure (SLP) difference between weather observation stations Hakodate and Fukaura along the Tsugaru Strait (Fig. 2) . Although this index is locally defined, it represents the atmospheric field that induces the cool summer conditions in northern Japan. For example, high positive monthly means of this index correspond to periods when northern Japan experienced record cool summers ( Fig. 4 ; August 1980 , July 1988 , July 1993 , and July 2003 . In particular, positive values of this index represent southward advance of cool air and enhanced easterly winds blowing toward the entire Pacific coast of northern Japan (Fig. 9c in Shimada et al. 2014) . Thus, the Tsugaru Strait index is suitable for examining the wind variability near the Pacific coast of and to the east of northern Japan. (2) The Soya Strait index is an analogous index defined by the SLP difference between stations Kitamiesashi and Haboro along the Soya Strait (Fig. 2) . This index represents a more northern center of cool air than the Tsugaru Strait index and enhanced northeasterly winds in the southern Okhotsk Sea (Fig. 9d in Shimada et al. 2014) . Thus, the Soya Strait index is suitable for representing the wind variability in the Okhotsk Sea.
RESULTS
The relation between the monthly variability of the SWH and the Tsugaru Strait index is examined using the 33 yr time series of SWH at observation site 47590 (Fig. 4a) . The monthly ano malies are well correlated, with an overall correlation coefficient of 0.63 in JuneAugust, and correlation coefficients for June, July, and August are 0.63, 0.78, and 0.65, respectively. Thus, the variability of the Okhotsk high and the resulting easterly winds significantly affect the coastal wave height at the observation site. We can also see from Fig. 4a that the monthly variability, as well as the variability on an interannual basis, is significant. Incidentally, no significant correlation is found be tween monthly means of significant wave period and the Tsugaru Strait index, whereas Charles et al. (2012) showed a significant correlation be tween the significant wave period on the Atlantic coast and the climate indices for the Atlantic Ocean. The variability of the wave period merits further study, possibly from the perspective of the effect of swell from the south.
Do the SWH variations in other areas exhibit the same relation to the Yamase index, as shown in Fig. 4a? Fig. 2 shows correlation coefficients between monthly means of the Yamase index and of SWH at the observation sites. The Tsugaru Strait index is used for the Pacific coast and the Soya Strait index is used for the Okhotsk Sea coast. The significance of the correlations depends partly on the number of data at each observation site, and the mean SWH at each observation site varies with location because of the surrounding topography and water depth at which the instruments are installed. However, we should take notice of both the significant correlations along almost the entire Pacific and Okhotsk Sea coasts of northern Japan and the distinct regional characteristics. Along the Ok hotsk Sea coast (observation sites 605 and 609), correlations are moderate compared with the Pacific coast. Significantly high correlations (> 0.7) are seen at the observation sites along the coast of northern Tohoku. Meanwhile, the correlations are not significant at observation sites 47418 and 613 located southeast of Hokkaido and at observation site 218 in Sendai Bay where the coastlines are open to the south. The lack of significant correlations indicates that the waves observed at these sites depend only weakly on the waves propagating westward under the persistent easterly winds. Thus, we can confirm that the relation shown in Fig. 4a holds true mostly along the Pacific and Okhotsk Sea coasts of northern Japan.
The significant high correlations along the coast of northern Tohoku indicate the impact of the strong northeasterly winds occurring in the lee of Cape Erimo on wave development toward the coast (Shimada & Kawamura 2007). Fan-shaped winds with a spatial extent up to 150 km and speeds typically >10 m s −1 frequently develop in the lee of the cape owing to the topographic effects on the low-level cool airflow induced by the developed Okhotsk high. Wind waves quickly respond to the strong local winds blowing toward the Pacific coast of northern Tohoku. Fig. 4b shows the significant correlation between the northeasterly wind component at Cape Erimo and the Tsugaru Strait index. Thus, the occurrence of the strong winds in the lee of Cape Erimo enhances the response of the coastal waves along the Pacific coast of northern Tohoku to the easterly winds induced by the Okhotsk high.
The relations between SWH along the Pacific and Okhotsk Sea coasts of northern Japan and the 2 Yamase indices are supported by composite analysis of wave reanalysis data (Fig. 5) . The composites in Fig. 5 are made following the method of Shimada et al. (2014) for the atmospheric field; Fig. 5 shows mean composites of SWH and of mean wave direction where the normalized indices ex ceed 1 standard deviation. The anomalies with re spect to the climatological mean in June-August are also shown. Corresponding to the enhanced easterly winds represented by the 2 indices (Fig. 9c,d in Shimada et al. 2014) , SWH is enhanced to the east of northern Japan. For the SWH field represented by the Tsugaru Strait index (Fig. 5a) , the SWH anomaly is > 0.3 m near the Pacific coast of northern Japan. For the SWH field represented by the Soya Strait index (Fig. 5b) , positive anomalies of SWH in the south of the Okhotsk Sea are apparent. These re sults are consistent with the coastal wave variability shown in Fig. 2 . To the east of northern Japan, the mean wave directions in these composites shift more to the west than in the climatology (Fig. 1) , reflecting the dominant easterly winds. The other common features in the wave fields around Japan are discussed in Section 4. 
DISCUSSION
It is worthwhile examining the summertime wave fields under the developed Okhotsk high in regions around Japan other than the east coast of northern Japan (Fig. 5) . Reduction in the SWH in the Okhotsk Sea is due to the reduced southerly winds and weak winds around the center of the Okhotsk high. The SWH in the Japan Sea shows a noticeable increase of > 0.2 m compared with the climatological mean. This is consistent with the organized strong winds over the Japan Sea (Fig. 9c,d in Shimada et al. 2014 ). An increase in SWH is seen along the southern coast of Japan, and the areas of SWH > 2.0 m correspond to the northeastward low-pressure extension representing the Baiu frontal zone (e.g. Ninomiya & Murakami 1987) , seen in the SLP composites (Fig. 7c,d in Shimada et al. 2014) . Thus, high SWH along the southern coast of Japan reflects the frequent passage of low-pressure systems in the Baiu frontal zone and the persistent southerly winds blowing to this zone. As the Tsugaru Strait index represents the Baiu frontal zone located more to the south of Japan than the Soya Strait index (Fig. 7c,d in Shimada et al. 2014) , the increases in SWH along the southern coast of Japan are greater in the composite by the Tsugaru Strait index (Fig. 5a ) than by the Soya Strait index (Fig. 5b) . Wave directions generally shift more northward than the wind directions in the western North Pacific and the Okhotsk Sea (Fig. 9c,d in Shimada et al. 2014) , which suggests the overall impact of swells from the south.
In addition to the monthly variability of SWH, it is examined whether there is a statistically significant trend in wave height. Trends in wave height are increasingly gaining attention in association with climate change (e.g. Young et al. 2011 , Sasaki 2012 . Observation sites with data for over 20 yr are se lected and the trends are quantified as linear functions over time series of monthly 90th-percentile SWH by the least squares method. Two methods are used to test the significance of the trend (Sneyers 1990) : the trend-to-noise ratio test and the nonparametric Mann-Kendall trend test. Both tests provide consistent results for trend significance. Fig. 6 is an example of monthly 90th percentile SWH, and estimated trends for each month in June-August at observation site 47590. There are no significant trends for June and July at any of the selected sites. However, for August, a significant decreasing trend is seen at observation sites 47590 (Fig. 6) , 205, 214, and 206, which are located in the south of northern Japan (Table 1) . While these trends hold true for monthly mean SWH, the decreasing trend in August be comes more statistically significant for the higher percentile SWH. These results suggest that the summertime decreasing trends in SWH and wave energy, shown by Sasaki (2012) , are due to the decreasing trends in SWH in August. Meanwhile, no significant trends are obtained for the Tsugaru Strait index in any of the 3 mo. Thus, the decreasing trend in SWH in August is not associated with the long-term trend of the easterly winds induced by the developed Okhotsk high.
The SWH variability and the decreasing trend in SWH in August may be influenced by the frequency and tracks of tropical cyclones. Along the southern coast of Japan, the coastal wave climate in summer is heavily influenced by tropical cyclones (Sasaki et al. 2005 , Sasaki & Hibiya 2007 . 
CONCLUSIONS
By analyzing in situ measurements of waves, this study has shown that in summer, the variability in SWH along almost the entire Pacific and Okhotsk Sea coasts of northern Japan is influenced by the Okhotsk high. When the Okhotsk high develops and easterly winds persistently blow toward northern Japan, high waves are observed along the Pacific and Okhotsk Sea coasts of northern Japan. The impact of the easterly winds on coastal waves is especially enhanced along the coast of northern Tohoku because of the fan-shaped strong local winds formed in the lee of Cape Erimo. Wave fields derived from the reanalysis data support these conclusions and show increased SWH near the coast of and to the east of northern Japan. In addition, SWH increases in the Japan Sea owing to the organized strong winds and increases along the southern coast of Japan owing to the Baiu frontal zone, whereas SWH de creases in the Okhotsk Sea owing to the reduced southerly winds. Significant decreasing trends in SWH are found in the south of northern Japan in August. 
